Microtubule dynamics have key roles in mitotic spindle assembly and chromosome movement [1] . Fast turnover of spindle microtubules at metaphase and polewards flux of microtubules (polewards movement of the microtubule lattice with depolymerization at the poles) at both metaphase and anaphase have been observed in mammalian cells [2] . Imaging spindle dynamics in genetically tractable yeasts is now possible using green fluorescent protein (GFP)-tagging of tubulin and sites on chromosomes [3-8]. We used photobleaching of GFP-labeled tubulin to observe microtubule dynamics in the fission yeast Schizosaccharomyces pombe. Photobleaching did not perturb progress through mitosis. Bleached marks made on the spindle during metaphase recovered their fluorescence rapidly, indicating fast microtubule turnover. Recovery was spatially non-uniform, but we found no evidence for polewards flux. Marks made during anaphase B did not recover fluorescence, and were observed to slide away from each other at the same rate as spindle elongation. Fast microtubule turnover at metaphase and a switch to stable microtubules at anaphase suggest the existence of a cell-cycle-regulated molecular switch that controls microtubule dynamics and that may be conserved in evolution. Unlike the situation for vertebrate spindles, microtubule depolymerization at poles and polewards flux may not occur in S. pombe mitosis. We conclude that GFP-tubulin photobleaching in conjunction with mutant cells should aid research on molecular mechanisms causing and regulating dynamics. 
S. cerevisiae, its kinetochore structure may be more like vertebrates and its mitotic spindle structure has been reconstructed by serial section electron microscopy [11] . Each kinetochore of the 3 chromosomes is attached to 3-4 microtubules. An additional 12-16 non-kinetochore microtubules extend from the spindle poles, terminating with their plus ends distributed throughout the spindle. These overlapping microtubules increase in length and decrease in number during anaphase B. Electron microscopy and comparison with diatom mitosis [9] have led to a model for anaphase B in which spindle elongation is driven by the overlapping microtubules sliding apart and simultaneously elongating at their plus ends [10, 11] . Live imaging of mitosis in S. pombe using GFP-tubulin and GFP targeted to sites on chromosomes has led to the identification of three phases of mitosis, corresponding to prometaphase, metaphase and anaphase B [5] . None of these studies measured the dynamic behavior of spindle microtubules or observed sliding directly, however. To probe spindle microtubule dynamics in S. pombe, we performed laser photobleaching of GFP-tubulin (see Supplementary material). We used similar strains and conditions to those used in previous work [5, 6] and imaged with wide-field three-dimensional optical sectioning microscopy. The figures are flattened representations of the three-dimensional data with 0.16 µm pixels. In agreement with published data [5] , we could divide mitosis into three phases (see Supplementary material): phase 1, spindle formation by rapid elongation (~1 µm/min) to approximately 1.5 µm in length; phase 2 (metaphase and anaphase A), slow elongation (~0.09 µm/min) from ~1.5 µm to ~3 µm; phase 3 (anaphase B), rapid elongation (~0.8 µm/min) from 2-3 µm to ~10-12 µm, at which point the spindle disassembles. To test whether bleaching perturbed spindle function, we compared timing, length and velocity parameters for unbleached and bleached spindles and found no difference (see Supplementary material).
Bleach marks made on phase 2 spindles (Figure 1a ,b) recovered fluorescence within 2-3 minutes, unless the cells went into phase 3. This indicates that bleached tubulin subunits exchanged with free (unbleached) subunits. To quantitate recovery, we plotted the amount of total fluorescence present in the whole spindle and in the bleached zone, and the ratio of these two values, as a function of time ( Figure 2 ). Laser irradiation sufficient to bleach the center of the spindle to background levels diminished total spindle fluorescence to 30% of its initial value. Total spindle fluorescence recovered to 60% of its initial value in 2.5 minutes and then reached a plateau. The final level reflected the amount of unbleached GFP-tubulin remaining in the cell. Total fluorescence in the bleached zone was diminished to background immediately after the bleach, and it recovered to 60% of its initial value over a similar time period. The ratio of bleachedzone fluorescence to total fluorescence provides a measure of the anisotropy of fluorescence after bleaching. This ratio recovered to approximately its initial value in two minutes. From these data, we estimate a half-life for microtubule turnover in the range of 0.75-1.5 minutes for the S. pombe spindle in phase 2. Visual inspection of ten phase 2 bleaching experiments indicated that this estimated turnover rate is typical. We often observed small numbers of bright pixels appearing in the bleached zone in the spindle center during recovery (Figure 1a,b) . These bright pixels sometimes appeared to move between frames, but we could not unambiguously distinguish movement from spatially inhomogeneous recovery at the spatial and temporal resolution of our data.
Bleach marks made on phase 3 spindles did not recover fluorescence at all. Instead, they moved outwards at the same rate as spindle elongation (Figure 1c,d ). The switch from recovering to non-recovering appeared to be sharp. We grouped all our sequences into two categories: recovery (fluorescence in the bleached zone recovered to a value greater than the background fluorescence in the cell) and no recovery (fluorescence in the bleached zone remained not significantly different from background throughout the time-course). When spindle length (Figure 3a) or spindle elongation velocity at the time of bleaching (Figure 3b ) of these groups were compared, a clear difference was apparent. The switch from recovering to non-recovering is sharp, and it occurs at the transition from phase 2 to 3, corresponding to the onset of anaphase B.
The non-recovery of marks made early in phase 3 allowed us to track microtubule sliding unambiguously for the rest of mitosis, either visually or by kymograph analysis (Figure 4 ). This analysis allowed us to trace the movement of the spindle poles and the two edges of the bleached zones. Lines drawn on these points in the composite were all parallel within experimental error, indicating that the poles and the two edges of the bleached zone moved outwards at the same rate. We also measured the length of the fluorescent zone between the pole and the polewards edge of the bleached zone as a function of time.
We found that this distance remained constant within our measurement error (mean change < 0.2 µm, n = 4 cells, 8 marks). Both types of analysis suggest that no detectable microtubule polymerization or depolymerization occurs at the poles during phase 3 (< 0.2 µm over phase 3).
With respect to the anaphase B mechanism, our data provide strong, direct confirmation of a model in which spindle elongation occurs with sliding apart of overlapping microtubules while they polymerize at their plus ends [9, 11] . If any minus-end dynamics occur during anaphase B, they must be very minor. With respect to spindle dynamics, our data suggest that spindle microtubules turn over rapidly at metaphase in S. pombe, as they do in metazoan spindles. Four known mechanisms might contribute to turnover: dynamic instability of free plus ends [12] , polewards flux [13, 14] , polymerization and depolymerization of kinetochore microtubules at their plus ends coupled to directional instability of kinetochores [15] and release of microtubules from nucleating sites followed by depolymerization at minus ends [16] . Given the lack of depolymerization at poles in phase 3, the absence of evidence for flux in phase 2, the structure of the spindle pole [10] and data from Saccharomyces cerevisiae [7] , we suspect that minus ends are not dynamic during mitosis in S. pombe and favor the first and third mechanisms [12, 15] for turnover. Polewards flux may be a specialization for mitosis in larger cells in which longer distances of chromosome transport are required.
The abrupt switch from rapid fluorescence recovery in phase 2 to complete non-recovery in phase 3 could have two, non-exclusive interpretations: a change in the population of microtubules imaged (phase 2 spindles containing kinetochore and non-kinetochore microtubules and phase 3 spindles containing mostly non-kinetochore microtubules) or regulation of turnover rate within a population. In the center of the phase 2 spindle, where we made bleached zones, non-kinetochore microtubules account for at least 80% of the total [11] . Thus, we interpret our data as showing that the turnover rate of nonkinetochore microtubules decreases abruptly at the onset of anaphase B. Microtubules also become abruptly more stable at anaphase in vertebrate spindles [17] , suggesting Brief Communication 1425 Kymograph analysis of a bleaching experiment in a phase 3 spindle. The image is a composite made from the phase 3 bleaching experiment shown in Figure 1c . Three lines of pixels containing most of the spindle fluorescence were cut from the data from each time point and pasted together in descending order. This presentation allows visual tracking of spindle elongation and outwards movement of the two bleached zones. Note that the poles, the poleward edge of the bleached zone, and the equatorial edge of the bleached zone all move outward at the same rate (approximately 0.45 µm/min in this sequence). The impression of slight widening of the right-hand bleach zones over time is probably due to decrease in signal intensity at the pole. that this switch may use a mechanism that is conserved in evolution. The change in dynamics in S. pombe correlates with an interesting change in the geometry with which overlapping, antiparallel microtubules interact: in phase 2 they interact by loose hexagonal packing, whereas in phase 3 they interact by tight square packing [11] . This change may indicate activation of an anaphase B microtubule cross-linking factor or motor that is also responsible for microtubule stabilization. By probing dynamics in mutant cells it should be possible to address the molecular mechanisms that regulate dynamics. 
Supplementary material

Supplementary background material
Photobleaching of fluorescein-tubulin shows that mitotic spindle microtubules exchange subunits with the soluble pool on a time scale of seconds to minutes in mammalian cells [S1] and sea urchin embryos [S2] . This rapid turnover is now thought to mainly reflect dynamic instability of spindle microtubules. Photoactivation of caged fluorescein-tubulin demonstrated a polewards flux of kinetochore [S3] and total [S4,S5] spindle microtubules. Polewards flux had previously been suspected from polewards movement of zones of reduced birefringence created by UV ablation of microtubules [S6] .
Supplementary materials and methods
Fission yeast (S. pombe strain PN43; leu1 -32 h -) were transformed with the plasmid pDQ105 (gift of Da-Qiao Ding), which carries a GFP-atb2p fusion protein under the control of the nmt1 promoter [S7] . Transformants were grown and imaged under conditions of low GFP-atb2p expression as described [S7] . For imaging experiments, 3.5 µl log-phase culture was mounted under a 25 mm 2 coverslip and sealed with wax. In this thin preparation, the cells are held in place but divide normally.
Cells were observed on an inverted microscope equipped with cooled CCD and ISIT (intensified video) cameras and a 488 nm laser to generate 0.2-0.8 sec photobleaching pulses. Cells early in mitosis were found and positioned using the ISIT image and dim epifluorescence illumination with a 100× objective. At each time point, a stack of 7 images at 0.5 µm z-step intervals were collected to the CCD using a
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Figure S1
Mitosis in S. pombe imaged using GFP-tubulin without photobleaching. The images are 2 min apart; the scale bar represents 1 µm. In the original sequence the images were 1 min apart and some photobleaching occurred. The images in the second half of the sequence are presented at increased brightness to compensate for this. Our image sequences, and the elongation rates we measured from them, are similar to published ones [S8] .
Figure S2
Photobleaching does not perturb progress through mitosis. standard fluorescein filter set. The camera had 8 µm pixels that were binned 2 × 2 to give a pixel size in the image of 0.16 µm using a 100× objective. Image stacks were collected every 30 sec or 60 sec, and it took approximately 4 sec to collect one stack. Image stacks were deconvolved using software that comes with the Deltavision microscope (Applied Precision). For display and intensity measurement purposes, the resulting 3D image was flattened (projected in z) to generate a 2-dimensional image. For distance measurement we used the 3D data set. A more complete plan of the microscope and the image collection software will be placed on our web site (http://iccbweb.med.harvard.edu/mitchisonlab/).
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